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" Production and Properties of Perrhenate-doped ATkali Halide Crystals
0. H. Nestor

Harshaw/Filtrol Partnership
Cleveland, Ohio 44139

and
J. F. Figueira

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

The growth and selected properties of single crystals of KC1 doped with Re0s- is
described. The crystals have been used as saturable absorbers to modulate and contro)
€0y Yaser radiation. Re0a~ fon-concentrations in excess of 10 7 ¢m=3 were achieved
in «C1 with qood optical quality. The room temperature absorption of the Re0g~ fon in
KC) was centered at 936.8 cm-1 with 1.5 em-l g1new1dth and with absorption cross-
section determined to be (0.46 + 0.02) x 70-16 cm2, The addition of Li* as a
second doYant resulted 19 a sp1Ttting of the Re0g- resonance into two components at
957.5 cm=i and 900.7 cm-!,

The characteristically sharp resonance of Re0s- was not detected in NaCl grown
with NaRe0s additions to the melt. Only with addition of Ca** as a co-dopant was the
ReOg- resonance observed. The absorption, detfcted as a very weak resoyance through
a 92 mm path length, was centered at 946.0 cm-! with 1inewidth of 6 cm-l, over-
lapping the P(zog transition in the 10 wicron €02 band.

Key words: alkali halides; Bridgman-Stockbarger; CO, laser radiation; crystal growth;
dopant distribution; double-doped crystals; non-linear material; perrhenate fon absorption;
potassium chloride; saturable absorber; sodium chloride.

1. Introduction

In a collaborative program between Los Alamos National Laboratory and Cornell University,
invest igators {identified a new class of nonlinear materials that have a variety of potential
applications to CO» lasers [11. These materials are based on the selective introduction of
impurity ions into normally transparent alkali halides. The fons are optically active in the
infrared, producing absorptions in the 10 micron wavelength region. Tha first successful
demonstration of this concept was made using a KC1 crystal host dooed with the perrhenate
fon Re0g-, This material has heen successfully used as a room-temperature passive pulse
compressor for P(28)-transition CO? laser pulses [2] and as a short pulse generator for
P(26) radiation at 105°K using optical free-induction decay [3].

In paralle) to the LANL/Cornell proqram, a collaborative effort between LANL and Harshaw/
Filtrol was undertaken to identify potentia® problems in producing large crystals of perrhenate
doped alkal{ halides, The program was desiqned to produce large crystals of KC1:ReQg- with
the eventual extension to NaCl single crystal and hot forged hosts. Of particular interest were
the dopant concentrations achievable and the associated optical quality, particularly since
residual strains in the Czochralski(Cz)-grown Cornell crystals comp1ete{y destroyed their
infrared optical quality. The approach at Harshaw was buised on another melt-qrowth process,
the Bridgman-Stockbarger (B-S) technique, successfully applied in the production of large NaCl
windows for the Antares project at Los Alamos.

An additional point of interest in the present work was the possibility that the porr?enate
absorption in NaC) would be shifted to the region of the P(20) COp transition at 944.2 cm-

and hence that saturable absorption might be realized for this dominant COp laser line. This
possibility waz projected by the LANL/Cornell team upon considerinz the size of the perrhenate
fon relative to the lattice parameters of KC1 (3.2A) and NaCl (2.8A),

The parrhenate fon is estimatud to measure approximately 3.1 A in radius, bLased on similar-
ities between the perrhenates and periodates of potassium as well as of sodium (4], and the
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published 1-0 bond distance in the periodate (104)- Ton[5]. The perrhenate ion is then tightly
constrained by the crystal field of either host lattice, KC1 or NaCl, but more so in NaCl wherein
the restoring force for the vibrational mode is effectively greate and the resonance frequency is
accordingly higher.

Because of the dopant-lattice size relationship, it can be expected that the segregation
coefficient, ratio of dopant level in the solid phase to that in the melt, would be <<1 for both
the B-S and Cz melt processes and that there would be a large variation in dopant concentration
along the length of the crystal.

2. Crystal Production and Evaluation

The crystals produced i this investigation were grown by the Bridgman-Stockbarger process.
Growth materials were melted and crystallized in platinum crucibles in selected gases at ore
atmosphere pressure. A series of KC1 crystals was grown in heiium and several crystals were
grown in argon. NaCl crystals were grown in Np, air or 0z, options spanning a range of
possible effects on the oxidation state of the dopant.

Starting materials for growth of doped KC1 crystals were once-grown crystals produced from
Harshaw-purified KC1 powder plus KReO4 powder (4N purity from Cerac, Inc.) covering decade steps
in the range 0.001-10. weiqht percent (0.00026 - 2.5 mol percent). Starting materiais for doped
NaCl crystals were Harshaw-purified NaCl powder plus NaReOg powder (4N purity from Apache
Chemicals, Inc.) added at levels of 0.005, 0.10, 1.0 and 10.0 weight percent (0.0011-2.1 mol
percent) in a series of runs, Anticipating a seareqation coefficient <<1 ard rather limited melt
stirrina during qrowth, the dopant was concentrated in the lower (first-to-be-solidified) end of
the crucible with the intent of reducing the variation in Re04~ content along the length of
the crystal.

Double-doped crystals of KC1 and NaCl were grown witn the second dopant selected to adjust
the crystal lattice for a desired effect on the ReO4~ absorption peak. The second dopant for
KC1 was 1ithium, added as LiC1, and for NaCl it was calcium, added as CaCly,

Crystals were grown at rates of 1.25-1.60 mm/hr to sizes ranging from 36 mm diameter x 82 mm
Tength to 64 mm diameter x 195 mm length. Samples were taken for transmission spectroscopy,
dopant analysis and optical evaluation. The primary spectroscopic evaluations were dons with a
Nicole Fast Fourier Transform Spectrometer. Perrheanate concentrations were establighed by
neutron activation analysis and by a standard colorimetric technique, assuming all rhenfum
present as ReOs~. Samples were examined for Tyndall scattering ang, under pclarized white
1ight, for strain.

3. Results
3.1 kC1

3.1.1 Crystal Quality

Fiqure 1 shows a 64 mm diameter x 190 mm long crystal qrown from a charge containting 0.26
mol percent (1.0 weight percent) KRaQ4 at loading and sections of the KC) cryctal double-doped
with Re0s= and Li*. The KC1:ReOg crystals grown in this work were generally of qood
internal quality except at high dopant levels. Strain as viewed between cross polarizers was at
a very low level, an improvement sought relative to the criqinal C2ochralski-grown crystals
(Fiqure 2), Typical bulk defects encountered with dopant additiors at or be ow 0.26 mol percent
KReOs ware low-to-moderate haze and small discrete scattering centers, such as gas bubbles or
voids or perhaps particulate inclusions,

Surface defects were encountered in some of the more highly doped crystals. These occurred
in the form of ?1ts or channels, such as that evident in the lower crystal in Figure 1, a crystal
grown from a melt doped to the 6.26 mo) percent leve:. It is surmised that there occurs a
nucleation process for such defects that depends on the loca) melt composition and the proximity
of a surface, such as the crucible wall, This {s suggested further by inclusions at the crystal
wall (Figure 3) found in one of the crystals doped with 0.26 mo) percent KReO4. A possibie
extension of such process was found in the interior of & crystal grown from a melt of 2.5 mo!
percent KReOg4: therein a 39 mm long channel was nucleated in the surrounds of optically clear
crystal and grew to a diameter in excess of 1 mm. A scanning electron microgram of tnis defect
s shown in Figure 4. It was shown to contain Re, K and C), the latter in non-stoichiometric
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ratio. This crystal gave indication of an upper iiﬁif on the KReOj concentration in the form of
high density of inclusions and boundaries between 5°-10° misoriented grains, both evident in the
latter-grown part of the crystal (Figure 5).

3.1.2 Re04” Distribution

The dopant distributions measured in this wok require that the surface and bulk concentra-
tions be distinguished. This was suggested by the findings discussed above and further by
analytical results shown in Fiqure 6 applying to a slab taken from the cone seciion of the crystal
of Figure 3. The data of Fiqure 6 represent colorimetric determinations accurate and precise to
within 2 percent down to the ppm range. It is seen that an order-of-magnitude difference in the
surface to bulk concentrations wac measured in this example.

With the seareqgation coefficient <<1 and perfect mixing, a significant increase in dopant
content can be expected alonq the lenath of the crystal. In order to smooth out the expected
variation, the dopant load was concentrated in the cone end of the crucible. Figure 7 shows the
variation measured colorimetrically along the surface of two crystals, one grown with a starting
concentration of 0.26 mol percant (1.0 wt percent) KReOg in the melt and the cther with 0.026
mol percent. The upper curve data point at 1 cm from the start of growth represents the average
of the determinations detailed in Figure 6. Order-of-magnitude variation in dopant concentration
is seen in the results of Figure 7, even as moderated by the non-uniform initial doping of the
charge. The effect of the initial concentration of the dopant is evident. The ensuing decline in
dopant concentration is understood to follow from the mixing that occurred (over 40 hours) in the
melt. The increase that then follows is that representative of a segregation coefficient <1.

The general level of the dopant surface contents of the two crystals surveyed in Figure 7 are
not in the same ratio as that of the respective starting compositions: the surfare concentrations
in general are disproportionately high for the 1.0 wt percent KReO4 doping relative to the 0.1
wt percent doping. Again, it is presumed this signals that the wa?l effect becomes more
significant with increasing doping.

Bulk concentration data are shown in Figure 8 as a function of starting compositions. These
results are based on neutron activation methndology and apply to slabs normal to the growth
direction, taken from 195 mm long crystals at fixed Yocations corresponding to 90 percent of the
crystal grown, a standardizing procedure adopted in Yight of the longitudinal variation in the
Re0a4~ concentration. This result indicates that a controllable dopant concent{’tion can be
achieved in the bulk material in KC), with ReO4- concentrations approaching 1017 cm*3 in
highly doped samples.

3.1.3 KC1(keOy) Spectroscopy

Fiqure 9 shows a typical room temperature absorption spectrum of KC1:R204° in the 10
micron reaion. Coupling thii with neutron activation-determined dopant concentrft1ons ylelds a
value of (0,46 + 0.0?) x 10-16 cm? for the absorgtion cross section at 936.8 cm-1,

Thus, absorption coefficients in excess of 4 ¢cm=l can be obtained in highly doped single
crystal samples,

The KC1 crystal double-doped with Li* and Re0a- was of qood quality, having only low
haze in the first half of a 63 mm diameter x 115 mm long crystal and moderate haze with decorated
mosaic boundaries in the secong half. The 10 Ticron absorption for this crystal is characterized
hy two resonances at 957.5 cm-1 and 900.7 cm=l, {nstead of the single line at 936.8-1
seen in KC1:Re0s". This change is attributed to the removal of degeneracy in the fundamental
vibratioral mode of the ReO4~ 1on.

3.2 N

Crystals grown from melts charged with 0.022 mo) percent (0.1 wt percent) NaReO, surpassed
their KC1 counterparts in quality. That from a 2.1 mo) percent NaReO4 melt was comparable to
ity high-doped XC) counterpart, oxhibitin? reasonable quality over the fir_t-grown half, but
hardly transiucent over the last-grown half.

NaC) crystals singly-doped with ReOg4~ di1d not exhibit the sharp resonance characteristic
of the Re0g~ 1fon. They exhibited only broad absorption in the 10 micron wavelenqth region.
Such absorption was attributed to a collective lattice mode of vibration that by exper?mentatlon
was shown to he extremely difficult to saturate.
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Only when Ca*t was added as a co-dopant was the sharp Re04- absorption detected. Growth
of NaCl doped with Re0g- and Ca** was predicated cn utilizing Ca to expand the NaCl lattice
such that the ReOg~ ion could be accommodated [6]. A double-doped crystal, grown in nitrogen from
a melt charged with 0.21 mo! percent NaReOg plus 0.0062 mol percent CaClpz, exhibited the ReOg
absorption resonance, though very weakly even through a 92 mm path, The resonance_at room temper-
ature is shown in Figure 10. It is centered at 946.0 cm-! with bandwidth of 6 em-1,
overlapping the desired 944.2 cm-l P(20) transition in the 10 micron CO» band. The Re0g-
1og congentrat1on was below the detection threshold of the neutron activation technigue (2 x
1014/cm3).  Based on assuning equal transition probabilities in KC1 and NaCl, the sstimated
average Re0s~ concentration in the spectroscopically probed path was 1.6 x 1014 cmo,

Other double-doped crystals were grown with Re04‘/CaM ratios ip the 1-10 range and with
ra** up to 0.5 mol percent. These had an absorption peak at 946 cm~* with absorption
coefficient in the 0.3-0.9 percent/cm range. This is probably too low to be of practical
interest for COp lasers.

4, Summary

This research has shown that Re0s- ion concentrations in the range 1017 cm-3 and
higher can be achisvod in large KC) crystals of qood optical quality grown by the Bridgman-
Stockharger process. KC)1:ReOz- crystals exhibiting room-temperature absorption at 936.8 em-1
suitahle for pulse compression and shrrt pulse generation in the 10 micron CO; band can be
produced.

The use of Li* as a second dopant with ReOa- in KC1 yielded resonances at 957.5 cm-1
and 900.7 cm=1, apparently removing degeneracy in the fundamental vibrational mode of the
Re0a- ion.

The characteristica1l{ sharp resonance of Re01- was not detected in NaCl grown with
NaReO4 additions to the melt. Only with the addition of Ca*™* as a co-dopant was the ReQ4-
resonance detected. The room-temperatu{e absorption was shifted relative to that ip KC1 and
was observed at 946.0 cm-1 with a 6 cm-l bandwidth, hence overlapping the 944.2 cm=1 P(20)
transition. However, this was a very weak absorption, presumed to be so because of low Re0q-
fon concentration even in the Ca‘* expanded lattice.

5.  Acknowledgement

The authors are grateful to the following contributors to this {nvestigation: Joseph J.
Ursic and David A. Hammond, Harshaw/Filtrol, for the growth of crystals; Arthur F. Greene,
Harshaw/Filtrol, for colorimetric determinations of the perrhenate fon distributions; Berle
Bunker, LANL, for neutron activaticn analyses for Re-concentrations; and Albert J. Sievers,
Cornell University, for advice concerning double dopant combinations.

6. References

17 R. K. Anrenkiel, J. F, Fiqueira, C, R, Phipps, Jr., D. J. Dunlavy, S. J. Thomas and A. J.
Stevers, "A New Sacurable Absorber for the COp Laser Using Doped KC1," Appl. Phys. Letter,
32, 705 (1978).

f21 J. F. Fiaueira, R, X, Ahrenkiel and D. Dunlavy, "Nonlinear Optica) Properties of the
Perrhenate Ion in KC1," SPIE Vol. 19N, LASL Conference on Optics '79, p. 293 (1979).

f31 R, K. Anrenk'el, J. F. Fiqueira and D. ODunlavy, "Generation of Ultrashort CO? Pulses by
?;;:;;nductfon Decay in KC1:Re04," SPIE Vol. 190, LASL Conference on Optics ‘79, p. 332

[4] R. W. G. Wyckoff, "Crystal Structures” (Interscience Publ. Inc., New York), Table VIIIA, 5.

(5] A. F. walls, “Structural Inorganic Chemistry" (Clarendon Press, 1975, 4th Ed.), p. 344.

(6] The authors gratefully acknowledge this suggestion by Professor A. Sievers, Cornell
University,



ToloNHT L

bt R o A N AN

Fiqure 1, Crystals produced in this pro-
aqran. Lower: KC1(Re0s) of typical size,
63 mm diagmeter x 195 mm long. Upper:
KC1(Re04,Ca).

Figure 2. Strain comparison of
KC1{Re0s) crystals. Upper: Czoch-
ralski-grom in the LANL/Cornell
program. Lower: Brid~man-Stock-
barger grown in the present pro-
gram.

Fiqure 3. Inclusions near periphery
of KC1(ReOq) crystal.

Figure 4. Scannin?aoloctron misrogram

of defect in a KC1(Rey) crystal grown
from meit with 2.5 mo) X KReO4.
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Figure 5. High inclusion density 1.8(107) 2.9010M
zones and -grain boundaries in
heavily doped XKC1(ReO4) crystal.

Figure 6. Colorimetrically deter-
mined Re0q~ concentration distribution
across section of KC1(ReQOa) crystal.
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Fiqure 7. Colorimetrically determined Re(4- {determined by neutron activation
concentration distribution along surface of analysis) within KC1(ReOg) crys-
KC1(ReOa) crysta’. tals as a function of the initial

dopant loading in the melt.
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Figure 9. Room temperature absorption spectrum
of KC1(ReOa) in the 10 micron reaion.
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Figure 10. Room temperature absorption spectrum of
NaC1(Re0gq,Ca) tn the 10 micron reqion.
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